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Laboratoire de Physique Nucleaire et de Hautes Energies (LPNHE),
4 place Jussieu, F-75252, Paris Cedex 5, France
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We present a phenomenological framework for starburst-driven neutrino production via proton-proton
collisions and apply it to (ultra)luminous infrared galaxies (U/LIRGs) in the Great Observatories All-Sky
LIRG Survey (GOALS). The framework relates the infrared luminosity of a GOALS galaxy, derived from
consistently available Herschel Space Observatory data, to the expected starburst-driven neutrino flux. The
model parameters that define this relation can be estimated from multiwavelength data. We apply the
framework in a case study to the LIRG NGC 3690 (Arp 299, Mrk 171) and compare the obtained neutrino
fluxes to the current sensitivity of the IceCube Neutrino Observatory. Using our framework, we conclude
that the neutrino emission in the LIRG NGC 1068, recently presented as the first steady IceCube neutrino
point source, cannot be explained by a starburst-driven scenario and is therefore likely dominated by the
active galactic nucleus in this galaxy. In addition to the single-source investigations, we also estimate the
diffuse starburst-driven neutrino flux from GOALS galaxies and the total LIRG population over cosmic
history.
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I. INTRODUCTION

In 1983, the Infrared Astronomical Satellite (IRAS) was
the first space-borne telescope to perform an all-sky survey at
infrared (IR) wavelengths [1]. This novel view of the
extragalactic sky revealed the existence of galaxies that emit
most of their electromagnetic luminosity in the IR frequency
range. Among these sources, so-called luminous infrared
galaxies (LIRGs; 1011L⊙ ≤ LIR ≡ LIR½8–1000 μm� < 1012L⊙)
and ultraluminous infrared galaxies (ULIRGs; LIR ≥
1012L⊙) were discovered. Although these objects are rela-
tively rare in the local Universe (z < 0.3),1 deep-sky IR
observations show that the comoving number density of both

LIRGs and ULIRGs has a positive redshift evolution.
Furthermore, LIRGs appear to be more numerous than
ULIRGs up to at least z ∼ 2 [3–5].
Follow-up surveys revealed that LIRGs are systems of

galaxies covering the entire evolutionary merger sequence,
ranging from isolated galaxies, to early interacting systems,
to advanced mergers [6,7]. This is opposed to ULIRGs
which are nearly always involved in the final stages of a
merger between two gas-rich galaxies [8–10]. The extreme
IR output observed in U/LIRGs is a result of the dynamical
nature of these objects. In the merger process, gas and dust
are funneled toward the central ∼100 pc of the interacting
galaxies, thereby triggering intense star formation
(∼10–100M⊙ yr−1) [11,12]. The strong radiation fields
emerging from the newly formed stars heat thick layers of
dust accumulated from active star formation, which reradi-
ate the energy in the IR regime. This mechanism generally
explains the elevated IR output of U/LIRGs. However, an
additional contribution is expected from gas accretion onto
a central supermassive black hole with growing evidence
suggesting that they inhabit all massive galaxies (e.g., [13]).
This accretion can result in relativistic outflows of matter
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1The number density of LIRGs, however, is larger than

optically selected starburst galaxies and Seyfert galaxies at
comparable redshifts and bolometric luminosities (e.g. [2]).
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perpendicular to the plane of accretion. This elevated state
of activity is known as an active galactic nucleus (AGN).
Reprocessed high-energy emission from AGN activity can
(significantly) contribute to the IR output of U/LIRGs
(e.g. [14,15]).
The Great Observatories All-Sky LIRG Survey2

(GOALS) aims to fully characterize the diversity of proper-
ties observed in a large, statistically significant sample of
the nearest (z < 0.088) U/LIRGs (Sec. II) [16]. This sample
covers all galaxy-interaction stages [7,17]. Moreover,
GOALS galaxies span the full range of nuclear types,
i.e. type-1 and type-2 AGN, LINERs, and pure starbursts.
GOALS combines data from space-borne facilities such

as the Spitzer Space Telescope [7,18–22] and Herschel
Space Observatory [23–30] at mid-IR and far-IR wave-
lengths, the Hubble Space Telescope which observes near-
IR and optical emission from the Universe [6,31], the
Galaxy Evolution Explorer (GALEX) UV telescope
[32,33], and the Chandra X-ray Observatory operating
in the x-ray frequency band [34,35]. Recently, the James
Webb Space Telescope (JWST) was used for the first time
to observe GOALS LIRGs with unprecedented resolution
[36–43]. In addition, GOALS objects are also targeted by
ground-based observatories such as the radio and sub-
millimeter telescopes Very Large Array (VLA) [44] and the
Atacama Large Millimeter/submillimeter Array (ALMA)
[45] and large optical-IR facilities such as the Keck
Telescopes [46–48]. The multiwavelength data from these
space-borne and ground-based observatories are combined
in comprehensive imaging and spectroscopic surveys. In
this work, we take the first step toward expanding GOALS
from a multiwavelength to a multi-messenger survey by
investigating high-energy neutrino emission from these
galaxies.
High-energy cosmic neutrinos were first discovered in

2013 with the 1-km3 IceCube Neutrino Observatory buried
deep within the ice at the South Pole [49]. To date, a diffuse
astrophysical neutrino flux has been observed via various
independent IceCube analyses [50–54]. However, the
sources of these cosmic neutrinos remain largely unknown.
The IceCube Collaboration has performed several searches
in order to identify the origin of the astrophysical neutrino
flux [55]. Such analyses typically target astrophysical
muon neutrinos (νμ) and antineutrinos (ν̄μ).

3 Upon collision
with ice nuclei, muon neutrinos can produce muons via
charged-current interactions. These muons leave track-like
Cherenkov signatures in the detector, allowing to recon-
struct the incoming direction of the neutrino with an
angular resolution ≲1° for a muon energy ≳1 TeV [57].
One of the more generic analyses aims to identify steady

point sources in a time-integrated sky scan by looking for
spatial clustering of neutrino events on the sky. Recently,
such a scan of the Northern Hemisphere, combined with a
dedicated source-catalog search, revealed significant evi-
dence (4.2σ) for neutrinos originating from the direction of
the GOALS LIRG NGC 1068 [58], which contains an
enshrouded AGN surrounded by a starburst ring. Other
evidence for a specific source was reported by IceCube
after the spatial and temporal correlation between an
IceCube neutrino event and the gamma-ray flaring blazar
TXS 0506þ 056 [59,60]. Both sources contribute no more
than about 1% to the diffuse neutrino flux in the energy
ranges within which they were observed. As such, the
origin of the diffuse flux remains largely unidentified.
Nevertheless, diffuse multi-messenger observations of both
neutrinos and gamma rays hint toward gamma-ray opaque
neutrino sources (e.g. [61–63]).
Galaxies in the GOALS sample are characterized by a

large amount of enshrouding matter and an enormous
energy budget, driven by vigorous star formation and
AGN activity. These two key features, in combination
with the proximity of the sources, make U/LIRGs excellent
candidate neutrino sources. A recent IceCube study sought
neutrinos from the population of ULIRGs in particular,
although null results were reported [64]. This allowed the
authors to set upper limits on the contribution of the entire
ULIRG population to the diffuse neutrino flux observed by
IceCube. However, LIRGs show similar star-forming
properties as ULIRGs and are ∼10–50 times more numer-
ous than ULIRGs at any given redshift (e.g. [3]). Therefore,
it is crucial to investigate the contribution of both LIRGs
and ULIRGs to the IceCube neutrino flux.
In this work, we present a phenomenological framework

for starburst-driven neutrino production in starburst gal-
axies and apply this framework to the GOALS sample. In
Sec. II, the GOALS sample is introduced, and Sec. III
motivates these galaxies as candidate high-energy neutrino
sources. Then, we construct a starburst-driven neutrino
production framework in Sec. IV. Subsequently, this
framework is applied to the LIRG NGC 3690 (also known
as Arp 299 and Mrk 171) in Sec. V. Finally, in Sec. VI, we
use the framework to estimate the diffuse neutrino flux
expected from the GOALS sample and the total LIRG
population over cosmic history.

II. THE GOALS SAMPLE

The GOALS sample consists of 180 LIRGs and 22
ULIRGs with a median redshift of hzi ¼ 0.0212 [16]. The
closest source in the sample is located at zmin ¼ 0.0030 and
themost distant one at zmax ¼ 0.0876. The distribution of the
GOALS sample on the sky is shown in Fig. 1. GOALS
objects were originally selected from the IRAS Revised
Bright Galaxy Sample (RBGS [65]) as sources with a
luminosity threshold of LIR;IRAS ≥ 1011L⊙. The RBGS
consists of a complete flux-limited sample of 629 galaxies

2Available at goals.ipac.caltech.edu/.
3IceCube cannot distinguish neutrinos from antineutrinos,

except in the specific case of the Glashow resonance [56].
Therefore, the term “neutrinos” is used in this work to refer to
both neutrinos and antineutrinos.
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that have an IRAS 60-μm flux density S60 μm;IRAS > 5.24 Jy
and Galactic latitude jbj > 5° [65]. This cut on the Galactic
latitude is shown by the dashed lines in Fig. 1.
GOALS is fundamentally based on observations of

IRAS, which had a relatively low angular resolution
between ∼0.5’ at 12 μm and ∼2’ at 100 μm [66].
Therefore, the IRAS emission for a single GOALS object
may correspond to the cumulative emission of individual
galaxies in an interacting system. However, the framework
presented in this work (Sec. IV) models neutrino produc-
tion in the cores of U/LIRGs based on electromagnetic
emission from those regions. Therefore, the IR luminosity
of each galaxy in the interacting system is of interest, rather
than the total IRAS IR luminosity of the system.4 In what
follows, it is described how these individual IR luminosities
were obtained by GOALS, as these will be used to trace
starburst-driven neutrino production. We also discuss the
contribution of AGN to the IR luminosities of the targeted
galaxies.

A. Individual IR luminosity

The Spitzer Space Telescope (2003), one of IRAS’
successors with a higher angular resolution, allowed to
spatially disentangle galaxies within the same U/LIRG
system. This yields more than 290 individual galaxies for
the GOALS sample. Only a fraction of these galaxies
were targeted by the Photodetecting Array Camera
and Spectrometer (PACS) onboard the Herschel Space
Observatory (2009). For U/LIRGs consisting of two or
more galaxies, Herschel only targeted the dimmer
companion galaxies if their contribution to the total
24-μm flux-density ratio in the Multiband Imaging
Photometer for Spitzer (MIPS) exceeded 1∶5 with respect
to the brightest galaxy in the system. For those U/LIRG
constituents that were targeted by Herschel, the individual
IR luminosity of a galaxy (LIR;individual) is obtained by

applying a scaling factor to the IRAS luminosity of the
system in which that galaxy resides (LIR;IRAS). The scaling
factor is computed by taking the ratio between the
continuum flux density detected for the individual galaxy,
evaluated at 63 μm in the PACS spectrum (S63 μm;PACS), and
the IRAS 60-μm flux density of the whole system
(S60 μm;IRAS). The IR luminosity of a disentangled compo-
nent in a U/LIRG is then computed as

LIR;individual ¼
S63 μm;PACS

S60 μm;IRAS
· LIR;IRAS: ð1Þ

This leads to individual IR luminosities for 229 GOALS
galaxies, consisting of 40 galaxies with 1010.08L⊙ ≤
LIR < 1011L⊙, 167 galaxies with 1011L⊙≤LIR<1012L⊙,
and 22 galaxies with LIR ≥ 1012L⊙ [67]. These individual
IR luminosities will be used in Sec. V and Sec. VI to trace
the starburst-driven neutrino production in the respective
sources. The redshift distributions of the three galaxy
groups are shown in Figure 2. It is noted that the LIRGs
are observed over the whole redshift range while the closest
ULIRG Arp 220 is located at z ∼ 0.018.

B. AGN contribution to the IR luminosity

In this work, we focus on the starburst-driven neutrino
emission in U/LIRGs which we trace via the observed IR
luminosity. However, a significant fraction of the IR
luminosity could be generated by AGN activity. This
should be taken into account in order to not overestimate
the starburst-driven neutrino flux.
In [67], the average AGN contribution to the total

bolometric luminosity, hαAGNi ∈ ½0; 1�, is presented for
each of the galaxies introduced in Section II A. By making

FIG. 1. Sky distribution of the GOALS sample. The solid line
indicates the Galactic plane and the dashed lines indicate a band
with jbj ≤ 5°.

FIG. 2. Redshift distributions of the 229 individual GOALS
galaxies targeted in this work, consisting of 40 galaxies with
1010.08L⊙ ≤ LIR < 1011L⊙, 167 galaxies with 1011L⊙ ≤ LIR <
1012L⊙ (LIRGs), and 22 galaxies with LIR ≥ 1012L⊙ (ULIRGs).

4Note that neutrino telescopes such as IceCube, with an
angular resolution of the order of 1°, cannot resolve individual
galaxies in interacting systems.
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use of low-resolution spectral measurements obtained with
the InfraRed Spectrograph (IRS) onboard Spitzer, the
hαAGNi-values were computed from a number of indepen-
dent estimators such as the line ratios [Ne V]/[Ne II] and [O
IV]/[Ne II], the mid-IR continuum slope, and the equivalent
width of polycyclic aromatic hydrocarbon emission bands
[67]. Since for U/LIRGs the total IR luminosity approx-
imates the total bolometric luminosity (Lbol) [68], it follows
that the IR luminosity can be corrected for AGN activity by
multiplying it with the factor 1 − hαAGNi. This is used in
Sec. Vand Sec. VI to properly estimate the starburst-driven
neutrino flux expected from GOALS galaxies.
The physical area of a galaxy probed by IRS observa-

tions depends on the angular scale covered by the short-low
slit, ∼4” × 4” [7]. Because of this limitation, the estimated
hαAGNi-values are representative of an entire galaxy only
for sources at luminosity distances DL ≳ 50–100 Mpc.
Therefore, as noted by GOALS in [67], the galaxy-wide
hαAGNi-values are to be interpreted as upper limits for more
nearby sources. The most prominent example of this is
NGC 1068 with a reported value hαAGNi ¼ 1. This galaxy
is the closest Seyfert II galaxy to Earth, located at
DL ∼ 15.9 Mpc. Only two other sources within 50 Mpc
have hαAGNi > 0.3, i.e., the LIRGs NGC 1365 and NGC
4418. As the hαAGNi-value of these sources are only tracing
the inner central part of the galaxy, it follows that, when
considering the full system, these sources potentially have a
smaller hαAGNi.
The distribution of hαAGNi-values in the GOALS sample

is shown in Fig. 3. This distribution shows that in the
majority of GOALS galaxies the AGN has a secondary
contribution to the total bolometric luminosity. However,
some of the sources show large hαAGNi-values, i.e. 14%
have hαAGNi > 0.2 and 3% have hαAGNi > 0.5 (AGN
dominates over star formation). This implies, with a good
consistency among different estimators, that only for 3% of
the local U/LIRGs an AGN is the dominant power source.

III. MOTIVATING GOALS GALAXIES AS
CANDIDATE NEUTRINO SOURCES

The majority of GOALS objects are galaxies participat-
ing in a dynamical interaction. Such interactions allow for
large amounts of dust and gas to be funneled from kpc-
scales to the innermost regions of the merging galaxies.
This generates pressure waves in the central region and
thereby triggers intense star formation. Such starburst
regions consist of short-lived, hot, massive stars that emit
strong UV radiation fields. This radiation heats the
enshrouding matter in which the stars were formed, and
this heat is subsequently reradiated as thermal IR emission.
Therefore, IR luminosity and starburst activity are inti-
mately connected in dust-obscured environments, such as
the nuclei of U/LIRGs. The massive stars in the starburst
region burn significantly faster through the hydrogen phase
than low-mass stars. This results in an increased rate of
core-collapse supernova events for stars with masses
≳8M⊙. The supernova rate can be ∼10–100 times larger
than for normal star-forming galaxies such as the
Milky Way. During a supernova explosion, the outer layer
of the star is ejected with a kinetic energy of ∼1051 erg
(e.g. [69]). Upon collision, these supersonic ejecta drive
strong shock waves with large Mach numbers in the
surrounding medium. Particles can be accelerated along
these shocks via diffusive shock acceleration [70,71], which
is based on the first-order Fermi mechanism [72]. A fraction
of the accelerated hadrons are expected to reach the thresh-
old energy to interact with the radiation fields and merger-
enhanced matter in the starburst region via photohadronic
and inelastic hadronuclear interactions, respectively. Both
interactions produce, along with other particles, charged
(π�) and neutral (π0) pions. The charged pions decay to
high-energy neutrinos, π� → μνμ → eνeνμνμ (e.g. [73,74]),
and the neutral pions to gamma rays, π0 → γγ (e.g. [75,76]).
Thus far, eleven star-forming galaxies, including four
GOALS U/LIRGs, have been identified as gamma-ray
sources [77].
As already noted, AGN activity is found in several of the

GOALS galaxies. The unified AGNmodel (see e.g. [78] for
a review) states that the AGN is powered by accretion of
matter onto a supermassive black hole. In U/LIRGs, this is
triggered and sustained via the flow of gas and dust toward
the central region as the merger progresses. This forms an
accretion disk which emits high-energy UV/optical radia-
tion and can result in relativistic outflows of ionized matter
perpendicular to this disk. Particle acceleration is possible
both in the relativistic jets and in the thermal plasma above
the accretion disk (see e.g. [79]). The hadrons accelerated
in this way can interact with the strong radiation fields
in the AGN vicinity via photohadronic collisions [79].
Moreover, the accelerated hadrons can inelastically collide
with thermal hadrons in, for example, the accretion disk,
the dusty torus surrounding the accretion disk, or in a cloud

FIG. 3. Distribution of the average AGN contribution to the
bolometric luminosity for individual galaxies in the GOALS
sample [67]. The median of the sample is hαAGNi ¼ 0.09.
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in the line of sight of the out-flowing jet [63]. Much as in
the starburst-driven scenario, these collisions produce high-
energy neutrinos.
A subset of the GOALS U/LIRGs host extremely

compact and dusty nuclei in the central 100 pc, known
as compact obscured nuclei (CONs, e.g. [80,81]). These
CONs can generate a significant fraction of the total IR
output of the galaxy. The high column density
(NH ≳ 1025 cm−2) in CONs implies a dust optical thick-
ness above unity up to at least far-IR wavelengths. The
most obscured systems only become optically thin at
submillimeter and radio wavelengths, e.g. the ULIRG Arp
220 [82], and the LIRGs IC 860 [83] and NGC 4418 [84].
Consequently, the source powering these CONs remains
unknown. They could be driven by hidden AGN activity, a
nuclear starburst with a top-heavy initial mass function, or
a combination of both [80]. If AGN activity is at the
origin, then CONs could be the result of rapid accretion
onto a supermassive black hole, surrounded by extreme
column densities. In any case, if hadronic acceleration
occurs, a large cosmic-ray density is expected in a
compact and obscured region. Such an extreme environ-
ment provides favorable conditions for high-energy neu-
trino production, while also significantly attenuating
gamma rays. The latter is of interest as diffuse observa-
tions of both neutrinos and gamma rays hint toward
gamma-ray opaque neutrino sources (e.g. [61]).
As outlined in this section, obscured star formation and

AGN activity, traced by strong IR emission, provide
favorable conditions for high-energy neutrino production.
In this work, the focus lies solely on high-energy neutrino
production driven by supernova activity. This does not
exclude other starburst-driven activity, e.g. newborn
pulsars [85], and AGN-related processes as interesting
neutrino sources. The recent detection of high-energy
neutrinos from the direction of the LIRG NGC 1068, for
example, points toward the AGN being the dominant
source of neutrinos in this galaxy ([58] and see Sec. VI A).
Additionally, we note that tidal disruption events (TDEs),
i.e. when a star is tidally disrupted by the gravitational pull
of a supermassive black hole (see [86] for a review), are
candidate sources of high-energy neutrinos [87]. U/LIRGs
could have an increased rate of TDEs as a result of the
amplified star-formation rate in their nuclear regions.
In terms of neutrino-production channels, our starburst-

driven model does not take into account photohadronic
interactions. For U/LIRGs, the target radiation field is
likely dominated by IR emission. The threshold energy for
a cosmic ray to interact with a near-IR background photon
(∼1 eV) is of the order of 100 PeV. The threshold energy
for the cosmic ray is even larger for a target field
dominated by far-IR radiation. Such extreme cosmic-ray
energies are unlikely to be produced efficiently by the
starburst activity considered in this work. Finally, as the
fraction of elements heavier than protons is subdominant

both in the acceleration region and the target interstellar
medium (ISM), we opt to only consider high-energy
neutrino production in proton-proton (pp) collisions.

IV. NEUTRINO PRODUCTION FRAMEWORK

Each (circum)nuclear starburst region in the GOALS
sample has a related core-collapse supernova rate (RSN,
typically in units [yr−1]). This rate drives the high-energy
proton injection rate ðQp ½ðGeV=cÞ−3 cm−3 s−1�Þ in the
starburst volume ðVSBR ½pc3�Þ. After injection, these cosmic
rays reside for an average time ðτ ½s�Þ in the volume. The
interplay between the proton injection rate and the resi-
dence time determines the distribution of high-energy
proton momenta ðF p ½ðGeV=cÞ−3 cm−3�Þ. The latter pro-
vides information on the available energy budget for
charged pion production, which is required to compute
the neutrino production rate ðqν ½GeV−1 cm−3 s−1�Þ. Finally,
the expected neutrino flux ðΦν ½GeV−1 cm−2 s−1�Þ is found
by integrating the neutrino production rate over the
starburst volume and taking into account the luminosity
distance to the source ðDL ½Mpc�Þ.
In the following, we construct a phenomenological

framework based on the above-mentioned parameters to
compute a per-source starburst-driven neutrino flux for all
GOALS galaxies. Our framework builds on the model of
cosmic-ray transport in starburst nuclei presented in [88]
and previous investigations of starburst regions as potential
sources of high-energy neutrinos (e.g. [89–93]). We con-
tribute to these models by placing them in the context of
local U/LIRGs as candidate neutrino sources. Moreover,
our framework provides an approach to estimate the
cosmic-ray luminosity per source via the IR luminosity,
the AGN contribution to the IR luminosity, and the initial
mass function of the studied region.

A. Supernova rate in the starburst region

Optical emission from a supernova explosion is known
to outshine entire galaxies. Given the large amounts of
obscuring matter in GOALS galaxies, one cannot rely on
optical counting to compute supernova rates in these
galaxies. Nevertheless, there are numerous electromagnetic
tracers (nearly) unaffected by obscuring matter that can be
related to star-forming activity. There have been individual
supernova counting experiments in U/LIRGs using near-IR
emission (e.g. [94]) and radio emission (e.g. [95]). It is,
however, not feasible to do this for the entire GOALS
sample. As such, we opt to relate the total IR luminosity of
a galaxy to the star-formation rate and subsequently relate
this star-formation rate to the core-collapse supernova rate
via scaling relations. We also take into account that part of
the total IR luminosity could be generated by AGN activity
and regions outside the central ∼100 pc of interest. This
allows us to estimate the AGN-corrected nuclear super-
nova rate.
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We use the IR emission as it is available for all GOALS
galaxies (Sec. II), and as such allows us to estimate the
diffuse neutrino flux for the GOALS sample in Sec. VI.
Radio emission is also an interesting tracer in this context
as it is a direct tracer of particle acceleration. However, such
data is not uniformly available for all GOALS U/LIRGs.
Moreover, it is not straightforward to connect the relativ-
istic electron population, traced by synchrotron emission,
with any associated proton population.

1. Calibrating the supernova rate to the IR luminosity

The bolometric luminosity of young stellar populations
is dominated by massive, short-lived, UV-bright stars.
Therefore, the UV luminosity is a sensitive probe for
recent star formation. The presence of obscuring matter
can lead to severe attenuation of UV photons, which are
reprocessed into thermal emission. IR and UVemission can
therefore be used to trace obscured and unobscured star
formation, respectively. A study of 135 GOALS U/LIRGs
shows that the far-UV measured by GALEX contributes an
average of ∼4% to the overall star-formation rate [33].
Therefore, we opt to only use the IR luminosity to trace the
star-formation rate in GOALS U/LIRGs.
In general, each tracer of the star-formation rate is

mapped back to star formation via two main relations,
i.e. the initial mass function (IMF) and the star-formation
history (SFH). The IMF describes the mass distribution of a
population of stars at formation time within a volume of
space. The IMF is typically well-described by a power law
of the form ζðmÞ ∝ m−β, with m the stellar mass and βðmÞ
the power-law index (see e.g. [96] for a review). The latter
can have different values for different stellar-mass ranges.
The SFH describes how the star-formation rate evolved
over time. Given an IMF, SFH, and a stellar-evolution
model, it is possible to determine from simulations the
calibration factor (AIR) that relates star-formation rate to IR
luminosity.
To obtain the calibration factor AIR for different IMFs,

we use the web-based software Starburst995 (SB99)
[97–100]. This software allows to model spectrophoto-
metric properties of star-forming galaxies, such as the
time-dependent spectral energy distribution (SED) of a
stellar population. Following the procedure outlined in
[101] (M11 from here on), we assume that the entire
Balmer continuum, i.e. stellar UV emission between
912 Å < λ < 3646 Å, is absorbed by dust and reradiated
as optically-thin thermal IR emission. This implies that
the IR luminosity due to reprocessed stellar emission,
LIR;SED, is obtained by integrating the Balmer range
of the simulated SED. As such, the calibration factor is
defined as

�
SFRSB99

M⊙ yr−1

�
¼ AIR ·

�
LIR;SED

erg s−1

�
; ð2Þ

with SFRSB99 the star-formation rate used as input to run
the SB99 simulation. The value of the calibration factor in
M11, assuming a Kroupa IMF (see Sec. IVA 2), solar
metallicity, and a constant SFH, is AIR ¼ 3.88 × 10−44. In
a follow-up study ([102], M12 from here on), an empirical
approach resulted in a linear relation between the star-
formation rate and LIR resulting in AIR ¼ 3.15 × 10−44.
This empirical relation is quoted to be reliable within a
factor of two. The calibration factor obtained in M11 via
SB99 is therefore consistent with the empirical calibration
factor in M12. In this work, AIR is computed in Sec. IVA 2
for various types of IMFs using SB99, including the IMF
of M11 for comparison.
SB99 also provides the total supernova rate as a function

of time for the same stellar population. This allows to
compute a calibration between the supernova rate and star-
formation rate as�

RSN;SB99

yr−1

�
¼ ASFR ·

�
SFRSB99

M⊙ yr−1

�
; ð3Þ

with RSN;SB99 provided by SB99. Both calibration factors,
AIR and ASFR, are computed in a regime where the SED and
supernova rate reach an equilibrium.
Combiningboth calibration factors givesΛIR¼ASFR ·AIR,

such that the total supernova rate in the whole galaxy is
estimated as �

RSN

yr−1

�
¼ ΛIR ·

�
LIR

erg s−1

�
; ð4Þ

with LIR the IR luminosity of that galaxy.

2. Computing the calibration factors

To compute the value of the calibration factors AIR and
ASFR, the SB99 input parameters must be fixed. We
consider a constant SFH and solar metallicity. As the
parametrization of the IMF and its universality remains
uncertain, it is not straightforward to select an appropriate
IMF. We therefore investigate the effect of two different
classes of IMFs. The first class consists of the Salpeter IMF
(1953) [103], which has a single power-law exponent
β ¼ 2.35, and a Kroupa IMF (2001) [104], with βlow ¼
1.3 for 0.1 < m=M⊙ < 0.5 and βhigh ¼ 2.3 for 0.5 < m=
M⊙ < 100. These so-called canonical IMFs are based on
resolved stellar populations in the Milky Way and nearby
galaxies. For the second class, we consider two top-heavy
IMFs. Such IMFs predict relatively more heavy-mass stars
than expected from canonical IMFs. The interest in a top-
heavy IMF for starburst regions is justified from both a
theoretical and data-driven point of view. Theoretically, this
is argued by the increased temperature in star-forming

5Available at www.stsci.edu/science/starburst99/docs/default
.htm.
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clouds due to the enhanced cosmic-ray density in starburst
regions. This increase in temperature leads to a larger Jeans
mass in the star-forming clouds, which suppresses the
formation of low-mass stars [105]. This implies a change of
the IMF shape toward a top-heavy IMF. In addition, high-
resolution ALMA observations of nearby U/LIRGs suggest
unusually low 13C=18O isotope abundance ratios [106–
108]. Short-lived massive stars (≳8M⊙) are the predomi-
nant source of 18O in the ISM while the 13C atom is
convected into envelopes of long-lived, low-mass stars
(≲8M⊙). Therefore, unusually small values of the abun-
dance ratio hints toward relatively more short-lived massive
stars than expected.
The SB99 simulations show that ∼60 Myr after the onset

of star formation, the supernova rate stabilizes, assuming a
constant SFH. Therefore, all calibrations were computed
beyond this timestamp. Table I shows the computed
calibration factors at 100 Myr for a Salpeter, Kroupa,
and two top-heavy IMFs. The latter have the same low-
mass exponent βlow ¼ 1.3 as the canonical Kroupa IMF
discussed earlier, but the high-mass exponent is taken to be
βhigh ¼ 1.0 and βhigh ¼ 1.5. An exponent such as the latter
has been suggested to explain the reionization of the
intergalactic medium at z≲ 11 [109]. The value βhigh ¼
1.0 is chosen as an arbitrary extreme case. First, it is
concluded that AIR obtained from the Kroupa IMF is a
factor 1.27 larger than the value obtained in M11, which
uses the same IMF. This increase is still consistent with the
empirical calibration between star-formation rate and total
IR luminosity presented in M12. Second, comparing the
AIR values obtained from all the investigated IMFs, it is
concluded that AIR is significantly lower for top-heavy
IMFs as compared to the canonical IMFs. For a fixed IR
luminosity, this results in a lower star-formation rate for
top-heavy IMFs as opposed to the star-formation rate
obtained from the canonical IMFs. This difference is,
however, less prominent for the ΛIR calibration factor.
Compared to the canonical Kroupa IMF, the supernova rate
for a fixed LIR ¼ 1011L⊙ is a factor 1.31 lower for the top-
heavy IMF with βhigh ¼ 1.5 and a factor 1.75 lower for a
top-heavy IMF with βhigh ¼ 1.0. Although the total pre-
dicted supernova rate decreases for a top-heavy IMF, the
average progenitor mass per supernova event is larger, and

as a consequence also the average explosion energy per
supernova event ESN (see e.g. [110]). This increase affects
the supernova luminosity, i.e. LSN ¼ ESN ·RSN, which is
required to compute the high-energy particle budget avail-
able for neutrino production. In the following section, it is
discussed how this effect is taken into account in this work.

3. The effect of the average supernova progenitor
mass on the supernova luminosity

To account for the increase in average progenitor mass
when considering top-heavy IMFs, we take the normal
Kroupa IMF as a benchmark and fix the average energy per
supernova event to ESN;bm ¼ 1051 erg. We assume in this
work that the explosion energy scales linearly with the
average progenitor mass. Then, the average energy per
supernova event for a different IMF is found by the scaling
relation

ESN ¼ hMSN;IMFi
hMSN;bmi

· ESN;bm ¼ M · ESN;bm: ð5Þ

M is the fraction of the typical mass per supernova event
for the chosen IMF, hMSN;IMFi, over the typical mass per
supernova event for the benchmark case, hMSN;bmi. Based
on our SB99 simulations, we find M ¼ 1.37 for a top-
heavy IMF with βhigh ¼ 1.5 and M ¼ 2.01 for the top-
heavy IMF with βhigh ¼ 1.0. Taking this factor into
account, it is found that the supernova luminosity LSN
for the top-heavy IMF with βhigh ¼ 1.5 and the benchmark
case differ by 5%. For the top-heavy IMF with βhigh ¼ 1.0
this correction gives a supernova luminosity which is
∼15% larger than found for the canonical Kroupa IMF.

4. Correcting the IR luminosity for AGN
contamination and extended IR emission

The SB99 simulations do not take into account AGN
activity. However, strong AGN activity in U/LIRGs could
heat the matter in the (circum)nuclear region around the
supermassive black hole. This heating can significantly
contribute to the observed IR luminosity of its host galaxy.
Therefore, using the total IR luminosity as tracer for the
star-formation rate in the presence of a strong AGN can
significantly overestimate the actual supernova rate. To
correct the IR luminosity for this, the relative AGN
contribution to the bolometric luminosity hαAGNi (see
Sec. II) is used. Doing this is justified, as per definition
for U/LIRGs, Lbol ∼ LIR (e.g.[68]). Furthermore, in this
work, we are interested in the nuclear supernova rate in the
central ∼100 pc. Therefore, the AGN-corrected IR lumi-
nosity of the nuclear region (LIR;nuclear) is required rather
than the total IR luminosity of the galaxy. To take this into
account, the factor G ∈ ½0; 1� is introduced, which describes
the amount of IR luminosity generated by nuclear starburst
activity. As such, LIR;nuclear ¼ G · ð½1 − hαAGNi� · LIRÞ.

TABLE I. Calibration factors for different IMFs at 100 Myr,
using a solar metallicity and constant SFH. The supernova rate
RSN is computed for a fixed IR luminosity of LIR ¼ 1011L⊙ via
Eq. (4).

AIR × 1044 ASFR ΛIR × 1046 RSN [yr−1]

Salpeter 7.48 0.008 5.98 0.23
Kroupa 4.93 0.012 5.97 0.23
TH βhigh ¼ 1.5 1.54 0.027 4.15 0.16
TH βhigh ¼ 1.0 1.24 0.026 3.24 0.12
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IR observations of U/LIRGs show that systems with larger
LIR tend to have a more centrally concentrated emission
(e.g. [19,20]). Therefore, G is likely to be closer to unity for
systems with larger LIR. Targeted observations of four
GOALS LIRGs show that G≳ 0.5 for these galaxies [111].
The nuclear AGN-corrected supernova rate per resolved

galaxy in the GOALS sample is therefore calculated as�
RSN

yr−1

�
¼ ΛIR ·

�
G · ½1 − hαAGNi� · LIR

erg s−1

�
: ð6Þ

Using Eq. (6), we can estimate the supernova rates in each
of the 229 individual GOALS galaxies targeted in this work
(see Sec. II). To do so, we use the IR luminosity of the galaxy
and its corresponding hαAGNi-value, discussed in Sec. II.
Then, for ΛIR ¼ 5.97 × 10−46 (Table I) and G ¼ 1 in all
galaxies, we find a median supernova rate of RSN ¼
0.43 yr−1, a minimum supernova rate of RSN¼ 0.02 yr−1,
and a maximum supernova rate of RSN ¼ 7.53 yr−1.

B. Proton injection rate

Cosmic-ray acceleration via diffusive shock acceleration
is expected along the forward shock in core-collapse
supernova (CCSN) remnants. This mechanism gives rise
to a power-law differential momentum distribution of
accelerated particles. Therefore, a p−γSN power-law relation
between the proton injection rate (Qp) and the injected
momentum p is adopted. In addition, an exponential cutoff
is considered at the maximum momentum pmax achieved in
the acceleration process. The values of both γSN and pmax
are discussed below. The total injection rate of high-energy
protons per unit volume due to all CCSN in a (circum)
nuclear starburst region is then expressed as

Qp ¼
NC

VSBR

�
p

mpc

�
−γSN

e
−p

pmax : ð7Þ

NC is the normalization constant to be fixed by the
supernova rate in the starburst region, VSBR is the volume
of the region under consideration, and mp is the proton
mass. In the following sections, each of the parameters of
Eq. (7) are discussed in more detail.

1. Geometry of the starburst region

Hydrodynamic simulations of mergers between gas-rich
galaxies predict the formation of nuclear gas disks on scales
of ∼10–100 pc (e.g. [112]). Observational evidence for
such gas disks in the nuclear regions of GOALS U/LIRGs
is provided by a survey targeting 17 nearby U/LIRGs [46].
Within this gas-disk configuration, stars are formed, which
eventually explode as supernovae and thereby inject cosmic
rays into the nuclear ISM. Based on these simulations and
observations, we opt for a disk geometry to model the
volume in which cosmic rays propagate. This disk is

parametrized by a radius RSBR and a scale height HSBR.
This implies that the volume of the starburst region is
computed as VSBR ¼ 2HSBRπR2

SBR, with 2HSBR the total
thickness of the nuclear disk.

2. Normalizing the injection rate
to the cosmic-ray luminosity

The normalization constant NC in Eq. (7) of the proton
injection rate is determined by imposing

LCR ¼
Z

pmax

pmin

4πp2 · NC ·

�
p

mpc

�
−γSN

· e
−p

pmax · T ðpÞ dp:

ð8Þ

T ðpÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2c2 þm2

pc4
q

−mpc2 is the kinetic energy of a

single cosmic-ray particle, and LCR is the total cosmic-ray
luminosity due to CCSN activity in the nuclear starburst
region. The minimum proton momentum pmin is fixed to6

pmin ¼ 0.1 GeV=c and the cosmic-ray luminosity LCR is
computed as

LCR ¼ ηSN ·RSN · ESN ¼ ηtot · LIR: ð9Þ

The total CCSN rate RSN and kinetic energy output per
supernova ESN are computed as discussed in Sec. IVA. The
conversion factor ηSN determines the amount of kinetic
energy from the outflow that goes into the acceleration of
cosmic-ray particles. The observed cosmic-ray spectrum at
Earth up to ∼3 PeV can be explained with ηSN ≃ 0.10–0.30
for the bulk of the supernovae in the Milky Way (e.g.
[113,114] for reviews). Moreover, kinetic simulations show
that this energy transfer can be as much as ηSN ≃ 0.10–0.20
[115]. This indicates that the conversion can be anything
between ηSN ≃ 0.10–0.30 as long as predictions relying on
this conversion factor are compatible with observations.
The factor ηtot describes the fraction of IR luminosity which
is related to the cosmic-ray luminosity due to starburst
activity.

3. Spectral index of proton injection

Diffusive shock acceleration in the presence of strong
shock waves, such as those driven by supernova ejecta,
predicts Qp ∝ p−4. However, observations of Galactic
supernova events typically require softer spectra to model
their gamma-ray spectra (e.g. [116,117]). The value of γSN
for a GOALS galaxy can be estimated from the spectral
index (Γ) of the starburst-driven hadronic gamma-ray
spectrum of that galaxy (see e.g. [88,93]). The value of
Γ can in turn be obtained by fitting the observed gamma-ray
flux Φγ of a galaxy with a function of the form Φγ ∝ E−Γ.

6The value ofNC is weakly dependent on the choice of pmin for
pmin ≲ 0.1 GeV=c.
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Both spectral indices are related as Γ ¼ γSN − 2 because
γSN is associated with momentum space and Γ with energy
space. As both gamma rays and neutrinos are expected to
follow the same spectral shape, the spectral index γ of the
neutrino flux Φν can also be estimated from Γ. Note that
Φν ∝ E−γ, with γ ¼ γSN − 2. However, only eleven star-
forming galaxies are identified as gamma-ray sources at
this time, including three LIRGs and one ULIRG, all four
in GOALS [77]. It is therefore not possible to constrain γSN
systematically for individual galaxies in the GOALS
sample.

4. Maximum cosmic-ray momentum

The maximum proton energy reached in the acceleration
process (Emax ¼ pmaxc) determines up to which energy
neutrinos are significantly produced. About 5% of the
primary proton energy is transferred to the high-energy
neutrino in an inelastic collision. As such, to produce
neutrinos of ∼1 PeV, as observed with IceCube, a cosmic
accelerator should be able to accelerate particles up to
Emax ∼ 100 PeV. This reduces to Emax ∼ 1–10 PeV to
produce neutrinos of ∼100 TeV.
Observed cosmic rays with energies up to ∼3 PeV are

generally attributed to galactic supernovae. This is based on
energy considerations and GeV-TeV gamma-ray observa-
tions of supernova remnants [117,118]. Modeling efforts
are also in favor of particles reaching energies of
∼10–100 PeV in supernova acceleration. This relies on
the presence of sufficiently strong magnetic fields and/or
the presence of a magnetic-plasma wind of the progenitor
star [119–122]. In (circum-)nuclear starburst regions of
U/LIRGs, the magnetic field strength is significantly
amplified (e.g. [123]), and the newly formed stars could
be on average more massive as opposed to normal star-
forming regions. The latter implies an increase in the
average explosion energy per supernova and an enhance-
ment in the stellar-mass loss via stellar winds. This, in
combination with the amplified magnetic field, indicates on
average larger pmax values as opposed to star-forming
galaxies such as the Milky Way.

C. Cosmic-ray propagation and calorimetric conditions

To model the confinement of the supernova-injected
particles in the nuclear disk, a leaky-box model is assumed.
This model dictates that the injected cosmic rays are
allowed to move freely in the starburst volume and have
a nonzero chance to escape the boundaries. The rate at
which particles escape these boundaries is defined as the
inverse of the average escape time τesc. We consider
advection via a galactic-scale outflow and spatial diffusion
as cosmic-ray removing processes. The average escape
time τesc in a particular starburst region is thus computed as

τesc ¼ ½τ−1diff þ τ−1adv�−1; ð10Þ

with τdiff and τadv the average timescales over which
diffusion and advection occur, respectively. In addition,
cosmic rays can also participate in inelastic pp-interactions
before being removed from the starburst volume. These
catastrophic collisions result in energy loss over an average
timescale τpp. Continuous energy losses such as Coulomb
interactions and ionization also affect the propagation of
cosmic rays. However, for particle energies larger than
1 GeV, such energy losses are negligible as opposed to the
catastrophic interactions (e.g. [124]). Therefore, the con-
tinuous energy-loss processes can be safely neglected for
the purposes of this work as a primary cosmic-ray energy of
E≳ 1 PeV is required to produce neutrinos at the level of
IceCube observations. Moreover, for typical magnetic-field
strengths at the scale of the starburst region, proton-
synchrotron losses are negligible.
The average total time a particle spends in the starburst

region τ is then computed as

τ ¼ ½τ−1diff þ τ−1adv þ τ−1pp �−1: ð11Þ

The diffusion timescale, advection timescale, and the
energy-loss timescale due to inelastic pp-collisions are
discussed in more detail in the following sections.

1. Diffusion

Cosmic rays injected by supernova activity will interact
with the turbulent magnetic field in the starburst region.
This leads to a random walk driven by the Larmor radius rL
of the particle. Eventually, the random walk leads to
diffusion from the central starburst region, assuming no
other processes are affecting the propagation. The timescale
over which diffusion happens is therefore conservatively
approximated as

τdiff ¼
H2

SBR

D
; ð12Þ

with D the diffusion coefficient, which depends on the
magnetic field strength B in the central starburst region, and
HSBR the scale height of the nuclear disk introduced in
Sec. IV B 1.
Following [88] we choose a Kolmogorov-type diffusion

in the starburst volume. As such, the diffusion coefficient in
Eq. (12) is parametrized as

D ¼ rLc
3F ðkÞ ; ð13Þ

which is based on the quasi-linear formalism. The value of
the diffusion coefficient D scales with the relativistic
gyroradius rL ¼ p=qB of the cosmic ray, with q the charge,
p the momentum, and B magnetic field strength in the
central starburst region. The strength of the magnetic field
in the central region of a starburst galaxy is typically
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≳100 μG and can even reach a few mG [123]. For all
U/LIRGs in this work, we fix B ¼ 250 μG, consistent with
targeted observations of NGC 3690 (see Sec. V).
Furthermore, the diffusion coefficient is also affected by
the speed of the cosmic ray, which is fixed to the speed of
light c. F ðkÞ is the normalized energy density per unit
logarithmic wave number k in the turbulent magnetic field.
This parameter is expressed as F ðkÞ ¼ k ·WðkÞ ¼ k ·W0 ·
ðk=k0Þ−d and normalized as

Z
∞

k0

F ðkÞdðln kÞ ¼
Z

∞

k0

W0 ·
�
k
k0

�
−d
dk ¼ ηB: ð14Þ

Here ηB ¼ ðδB=BÞ2 is the turbulence ratio with δB the
turbulent component of the magnetic field, and k−10 ¼ 1 pc
is the characteristic length scale at which turbulence is
injected. In this work, we consider cosmic-ray interactions
with large-scale Kolmogorov turbulence such that d ¼ 5=3
and ηB ¼ 1.
To evaluate the diffusion timescale τdiff , it is assumed

that cosmic rays predominantly interact with the resonant

mode kres ¼ 1=rL. Then, F ðkresÞ ∝ k
−2
3

res ¼ r
2
3

L ∝ p
2
3. As a

result, the diffusion coefficient scales with momentum as
DðpÞ ∝ p

1
3 such that τdiff ∝ p−1

3.

2. Advection

Galactic-scale outflows in starburst galaxies are com-
monly observed (see e.g. [125] for a review). A possible
driving mechanism for such an outflow is the mechanical
energy transfer to the nuclear ISM via stellar winds and
supernova explosions. These interactions induce strong
shocks that heat and pressurize the ISM. In addition, AGN
activity and cosmic rays are also proposed as driving
mechanisms (e.g. [125]). As a result of the energy transfer
to the ISM, a cavity of very hot gas is formed. Due to the
pressure imbalance between the nuclear region and the ISM
of the host galaxy, this gas starts expanding above and
below the galactic disk. Once the scale height of the
galactic disk is reached, the wind breaks out into the
galactic halo [126] and thereby advects part of the cosmic-
ray population out of the nuclear region. As such, these
cosmic rays will not contribute to the high-energy neutrino
production in the nuclear region. It should be noted that
advected cosmic rays could be accelerated and converted to
high-energy neutrinos within the wind [127]. This con-
tribution is not considered within our framework.
The velocity profile of the expanding bubble is such that

the wind speed increases as the edge of the nuclear region is
reached. As the expanding wind breaks out into the galactic
halo, the terminal velocity (v∞) is quickly reached [126].
The wind speed at the point of cosmic-ray advection (vadv)
is therefore bound by the terminal velocity, i.e.vadv < v∞.
The velocity of galactic-scale outflows is inferred from

spectral line emission of the wind. Strong winds with

speeds of 500–1500 km s−1 have been detected by
Herschel in ULIRGs [128]. These winds are also observed
in LIRGs. ALMA observations of the LIRG NGC 3256, for
example, reveal a molecular outflow from the northern
nuclear disk. This outflow is part of a starburst-driven
superwind with a maximum velocity > 750 km s−1 [129].
As indicated above, the advection speed is likely smaller
than these terminal velocities.
The advection timescale τadv is approximated as the ratio

of the scale height of the nuclear disk HSBR and the
advection speed vadv,

τadv ¼
HSBR

vadv
: ð15Þ

3. Energy-loss timescale

To evaluate the rate at which cosmic rays lose their
energy by inelastically colliding with the nuclear ISM, we
make the assumption that the cosmic rays encounter the
average ISM proton density in the nuclear region (n). The
rate at which high-energy protons interact in the starburst
region via inelastic pp-collisions then scales with the
average ISM proton density n, the cross section of inelastic
pp-collisons (σpp), and the velocity of the cosmic ray. As
the cosmic-ray protons of interest are highly relativistic, the
speed of the cosmic rays is fixed to the speed of light c. The
inelasticity of a collision is fixed to ζ ¼ 0.5 [130]. As such,
the timescale for energy loss via inelastic pp-scattering can
be expressed as

τpp ¼
1

n · σppðEÞ · c · ζ
: ð16Þ

For the cross section, we use the parametrization given in
[131], constructed fromaccelerator and simulation data, such
that σpp¼34.3þ1.88lnLþ0.25L2mb with L¼lnðE=1TeVÞ.

4. Calorimeter conditions

A starburst region efficiently converts high-energy pro-
tons into neutrinos if the energy-loss timescale is signifi-
cantly shorter than the timescale over which diffusion and
advection occur. In that case, the starburst region acts as a
calorimeter. To quantify the calorimeter conditions, the
parameter Cpp ∈ ½0; 1� is introduced as

Cpp ¼
τ

τpp
¼ fpp

1þ fpp
: ð17Þ

The parameter fpp is the effective optical depth for pp-
interactions, also known as the pp-collision efficiency, and
is defined as the ratio of τesc to τpp. As such, if the pp
efficiency is large, secondary particle production will
dominate over particle escape, which corresponds to
Cpp → 1. Conversely, if particle escape dominates, then
Cpp ≪ 1. Between these two extremes, Cpp > 0.5 indicates
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the conditions for which τpp is on average the shortest
timescale in the system.
Figure 4 shows the parameter space of Cpp for variable

ISM proton density in the nuclear region (n) and advection
speed (vadv). For this, a 10 PeV proton is assumed
to propagate in a nuclear disk with scale height
HSBR ¼ 150 pc, taking a Kolmogorov-type diffusion
model. The dash-dotted line shows for which combina-
tions of n and vadv a value of Cpp ¼ 0.5 is obtained. The
black hatched region indicates Cpp values for typical ISM
proton densities in the nuclear region of U/LIRGs, n ≳
1000 cm−3 ([132], see also Section V), and advection
speeds between 500 km s−1 and 1500 km s−1. Note
that, although terminal velocities of ∼1500 km s−1 are
observed in U/LIRGs, it is unlikely that the advection
speed vadv is equally high (Sec. IV C 2).
In [7], for example, it is shown that GOALS U/LIRGs in

a late or final merger stage are on average more obscured.
As galaxies merge, gas and dust are funneled toward the
central regions, making them more compact and obscured.
As such, ULIRGs, which are nearly always in the final
stage of a merger, are expected to be located at the high end
of the particle densities indicated in Fig. 4. For LIRGs,
which are observed in every merger stage, this could
strongly depend on how advanced the merger is. In any
case, high-energy protons are expected to lose a significant

fraction of their initial energy in the nuclear region of
U/LIRGs. For comparison, we also investigate typical
conditions in non-U/LIRG starburst galaxies. Prototypical
examples of such galaxies are the nearby starburst galaxies
M82 and NGC 253. This type of starburst galaxy typically
has a lower ISM proton density in the nuclear region, i.e.
n ∼ 100 cm−3 (e.g. [88,133–135]). Thewhite hatched region
in Figure 4 shows Cpp values corresponding to ISM proton
number densities between 100 and 500 cm−3, and the same
advection speeds as investigated for theU/LIRGs.Compared
to U/LIRGs, non-U/LIRG starburst galaxies are expected to
be less efficient calorimeters on average.
The scale height of the nuclear disk (HSBR) also affects

Cpp. Figure 5 shows how Cpp is affected when varyingHSBR

between 50 and 400 pc for a starburst region with a nuclear
ISM density of n ¼ 350 cm−3, n ¼ 1000 cm−3, and
n ¼ 5000 cm−3. The range of scale heights is consistent
with the values derived for nearby U/LIRGs [46]. The ISM
particle density values are chosen to model a wide range of
starburst conditions. For each of these starburst configura-
tions, an advection speed of vadv ¼ 500 km s−1 and vadv ¼
1500 km s−1 is considered. The results show that calorimeter
assumptions are robust against changes in HSBR and vadv if
the particle density in the nuclear region is high. This
statement also applies to changes in the diffusion model.

D. From cosmic-ray injection to neutrino
production at the source

The distribution of high-energy proton momenta in the
nuclear region of U/LIRGs (F p) is determined by the
interplay between the injection rate of high-energy protons

FIG. 4. Parameter space of Cpp for variable ISM proton density
in the nuclear region (n) and advection speed (vadv). A 10 PeV
proton is assumed to propagate in a nuclear disk with scale height
HSBR ¼ 150 pc and the diffusion is fixed to a Kolmogorov-type
diffusion model. The free parameters of the diffusion model are
fixed as discussed in Sec. IV C 1. The white dash-dotted line
shows the combinations of vadv and n for which Cpp ¼ 0.5. The
white and black hatched regions indicate expected Cpp values
for nuclear starburst regions in non-U/LIRGs and U/LIRGs,
respectively.

FIG. 5. The Cpp-parameter for three different starburst configu-
rations at variable scale height (HSBR). The ISM proton density is
fixed to n ¼ 350 cm−3, n ¼ 1000 cm−3, and n ¼ 5000 cm−3.
For each of these configurations, a galactic superwind with
vadv ¼ 500 km s−1 and vadv ¼ 1500 km s−1 is considered.
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by supernovae and subsequent particle transport, as
described above. Assuming a spatially homogeneous star-
burst region in a steady state, the momentum distribution of
high-energy protons in the nuclear region is expressed as

F p ¼ Qp · τ ¼ Qp · τpp · Cpp: ð18Þ

High-energy protons can collide inelastically with a
proton in the nuclear ISM. Such collisions produce, among
other particles, charged (π�) and neutral pions (π0). The
charged pions decay as

(
πþ → μþ þ νð1Þμ → eþ þ νe þ ν̄ð2Þμ þ νð1Þμ

π− → μ− þ ν̄ð1Þμ → e− þ ν̄e þ νð2Þμ þ ν̄ð1Þμ ;
ð19Þ

and the neutral pions decay to gamma rays, π0 → γγ. The
label (1) denotes the muon neutrinos produced in pion
decay and the label (2) denotes the muon neutrinos
produced in muon decay. To compute the neutrino pro-
duction rate (qν) from the energy distribution of high-
energy protons, npðEÞ ¼ 4πp2F pðpÞdp, we follow the
approach outlined in [131]. The authors provide analytical
fits to neutrino spectra obtained from meson spectra
simulated with Monte Carlo generators SYBILL and
QGSJET. Doing so, the neutrino production rate qν at
the source, including neutrinos and antineutrinos, is
expressed as

qν ¼ cn
Z

1

0

Fν

�
x;
Eν

x

�
σpp

�
Eν

x

�
np

�
Eν

x

�
dx
x
; ð20Þ

where x ¼ Eν=Ep and Fν ¼ Fð1Þ
νμ þ Fð2Þ

νμ þ Fνe are the
neutrino distribution functions corresponding to the decays
given in Eq. (19). The spectrum of the muon neutrinos and
electron neutrinos obtained from muon decay are described

by Fð2Þ
νμ and Fνe , respectively. The former is described by

the same function that describes electrons produced in
muon decay, Fe. Moreover, Fνe ≈ Fe within 5%. As such,

we use Fν ¼ Fð1Þ
νμ þ 2 · Fe. The distribution functions for

Fe and for muon neutrinos produced in pion decay, Fð1Þ
νμ ,

correspond to Eqs. (62)–(65) and Eqs. (66)–(69) in [131],
respectively. Note that these analytical fits can only be used
for secondaries with energies larger than 100 GeV.
Integrating the neutrino-production rate over the volume

of the starburst region yields the neutrino luminosity.
Therefore, the all-flavor neutrino flux at Earth from a
single GOALS galaxy (Φν), containing neutrinos and
antineutrinos, is computed as

ΦνðE; zÞ ¼
VSBR

4πD2
L
· qνðEð1þ zÞÞ; ð21Þ

with DL the luminosity distance to the galaxy and z its
redshift. Note that Φν ∝ E−γ with γ ¼ γSN − 2.
Inelastic pp-interactions at the source result in a

neutrino-flavor ratio given by ðνe∶ νμ∶ντÞ ¼ ð1∶2∶0Þ.
However, the combination of propagating over extragalac-
tic distances and neutrino oscillations leads to an approx-
imately equal distribution among the three neutrino flavors.
As such, the flavor ratio at Earth is expected to be
ðνe∶νμ∶ντÞ ≈ ð1∶1∶1Þ [136]. This implies that the single-
flavor neutrino flux at Earth (Φνj), with j ∈ fe; μ; τg, is
obtained by dividing the all-flavor neutrino flux by a factor
three. The muon-neutrino flux is of particular interest in the
search for the origin of astrophysical neutrinos observed
with IceCube, as discussed in Sec. I.
In conclusion, within the framework considered in this

study, the neutrino flux depends on the starburst-specific
parameters

Φνj ¼ ΦνjðRSN; γSN; pmax; HSBR; vadv; n; B;DLÞ; ð22Þ

for a particular diffusion model in the nuclear region and the
supernova rate computed as RSN ¼ RSNðLIR; hαAGNi;GÞ.

V. CASE STUDY: LIRG NGC 3690

In this section, the starburst-driven neutrino-production
framework is applied to the LIRG NGC 3690 (also known
as Arp 299 and Mrk 171).7 This intermediate-stage merger
between two gas-rich galaxies, shown in Fig. 6, is one of
the most powerful merging galaxies in the local Universe at
a luminosity distance DL ∼ 50.7 Mpc [16]. It is located in
the Northern Hemisphere at equatorial coordinates αJ2000 ¼
11h28m32.3s and δJ2000 ¼ 58d33m43s. The eastern part of
the galaxy system (NGC 3690E) has a Herschel luminosity
of log10ðLIR=L⊙Þ ¼ 11.37 and the western part (NGC
3690W) has a Herschel luminosity of log10ðLIR=L⊙Þ ¼
11.09 [67]. Mid-IR and radio continuummaps of this LIRG
reveal distinct regions A, B, and Cþ C’ which dominate at
these wavelengths [138]. Region A is the nuclear region of
the eastern galaxy (NGC 3690E-A) and region B is the
nuclear region of the western part (NGC 3690W-B). The
C’þ C component is located in the overlapping region
between the two galaxies. Multi-wavelength follow-up
studies show that the nature of the nuclear regions are
very different. Hard x-ray observations indicate the pres-
ence of a Compton thick AGN in region B [139] and high-
resolution radio observations reveal a strong nuclear

7In the literature, the eastern and western members of the
galaxy pair in Fig. 6 are often given the names IC 694 and NGC
3690, respectively. However, IC 694 is actually a small E/S0
galaxy ∼1’ to the northwest of the merging galaxy pair, while
NGC 3690 properly refers to the merging pair [137]. The merger
is also commonly known as Arp 299. In this work, we choose the
name NGC 3690 to refer to the whole system, consistent with the
name given by GOALS.
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starburst in region A [140]. We also note that a tidal
disruption event (TDE) was observed in region B [141].
Region A is of main interest for this work and is used as a

case study for the neutrino production model introduced in
Sec. IV. In the following, we first identify the parameters
related to cosmic-ray injection in region A, followed by
those related to cosmic-ray propagation. Finally, we use
these parameters to estimate the starburst-driven muon-
neutrino flux from region A in NGC 3690.

A. Cosmic-ray injection

NGC 3690E-A is characterized as a highly dust-
enshrouded region, such that even near-IR wavelengths
suffer from attenuation effects [140]. Therefore, high-
resolution radio observations are required to identify the
supernova activity in this region. The best direct observa-
tional constraints on the supernova activity in the central
RSBR ¼ 150 pc of NGC 3690E-A were revealed by a
∼2.5 year monitoring campaign at 5.0 GHz. This campaign
revealed two CCSN in the starburst region leading to an
estimated lower limit of RSN ≳ 0.80þ1.06

−0.52 yr−1 with uncer-
tainties corresponding to 1σ errors [140]. Besides these
direct observations, the authors also present a supernova
rate estimated from diffuse synchrotron observations that is
found to be RSN ≃ 0.45–0.65 yr−1. This estimate agrees
well with our supernova rate estimates computed via
Eq. (6), given in Table II. This table also provides the
corresponding mass-scaling factor M (Sec. IVA 3) and
cosmic-ray luminosity LCR. The latter is the relevant
parameter to compute the neutrino flux. To convert the
supernova rates to a cosmic-ray luminosity, the kinetic
energy conversion factor is fixed to ηSN ¼ 0.10.
The spectral index of the proton injection rate due to

supernova activity γSN is determined from the spectral

index of the gamma-ray spectrum Γ. This means, γSN ¼
ΓNGC3690 þ 2 with ΓNGC3690 ¼ 2.11� 0.19 determined
from gamma-ray observations [77]. It is noted that the
location of the gamma-ray emission in NGC 3690 is
unresolved. As such, the gamma rays could also (partially)
originate from the AGN in region B or an off-nuclear star-
forming region. To demonstrate the effect of changing the
spectral index, the neutrino flux is also computed for
γSN ¼ 4, which corresponds to Γ ¼ γ ¼ 2.
The maximum proton momentum pmax for the supernova

activity in NGC 3690E is unconstrained by data. Therefore,
we investigate the neutrino flux for a maximum momentum
pmax of 10 PeV=c, 20 PeV=c, 30 PeV=c, and 100 PeV=c.

B. Cosmic-ray transport and calorimeter conditions

Aperture synthesis CO maps of NGC 3690 show an H2

mass of 3.9 × 109M⊙ in the central ≤ 250 pc of NGC
3690E [143]. Here, we assume that this mass is distributed
in a uniform way within a disk with radius of RSBR ¼
250 pc and scale height HSBR ¼ 150 pc. This corresponds
to an average H2 particle density of

nH2
≈ 1340 ·

�
HSBR

150 pc

�
−1

·

�
RSBR

250 pc

�
−2

cm−3: ð23Þ

The interest is, however, in the proton number density n
which is a factor of two larger. It is noted that the proton
density inferred from the H2 number density is a lower limit
on the proton density in the ISM as there is also a
subdominant contribution of neutral atomic hydrogen
(e.g. [144]) and heavier elements. For this work, therefore,
we make the conservative choice of n ¼ 2500 cm−3 for the
ISM proton number density.
Observations of NGC 3690E with the International Low

Frequency Array (LOFAR) Telescope at 150 MHz show a
two-sided, wide filamentary structure emanating from the
nucleus [145]. The outflow is detected via radio wave-
lengths from synchrotron-emitting electrons. Under the
assumption that the outflow is driven by a supernova rate of
RSN ≳ 0.80 yr−1, the outflow is estimated to move at

FIG. 6. Composite image of NGC 3690 showing both optical
(white) and x-ray (pink) emission. The two nuclear regions A
(east) and B (west) are indicated, as well as the off-nuclear region
C’þ C. Edited from [142].

TABLE II. The supernova rate RSN of the nuclear region in
NGC 3690E for different IMFs together with the progenitor
mass-scaling factor M, and the cosmic-ray luminosity LCR. The
supernova rate is computed using Eq. (6) with
log10ðLIR=L⊙Þ ¼ 11.37, hαAGNi ¼ 0.04 (see Sec. II B), and
G ¼ 1. To compute the cosmic-ray luminosity LCR, we take
ηSN ¼ 0.10 in Eq. (9).

RSN [yr−1] M LCR [1049 erg yr−1]

Salpeter 0.52 0.93 4.85
Kroupa 0.51 1.00 5.14
TH βhigh ¼ 1.5 0.36 1.37 4.98
TH βhigh ¼ 1.0 0.28 2.01 5.59
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370–890 km s−1 [145]. Here we assume an advection speed
of vadv ¼ 500 km s−1, consistent with observations of other
U/LIRGs (Sec. IV C 2). Moreover, LOFAR observations at
150 MHz indicate a minimum equipartition magnetic field
for the nuclear region of B≳ 250 μG [146]. To compute
the neutrino flux, a magnetic field strength of B ¼ 250 μG
and Kolmogorov-type diffusion model are used.
Figure 7 shows the diffusion timescale, advection time-

scale, and pp energy-loss timescale as functions of proton
energy for the nuclear region of NGC 3690E. Moreover,
based on the values found for n, HSBR, vadv, and B, it
follows that Cpp ¼ 0.95 (Sec. IV C 4). This implies that the
nuclear starburst region in NGC 3690E is expected to
efficiently convert cosmic-ray energy into high-energy
neutrinos.

C. Neutrino flux predictions

The expected muon-neutrino flux for region A in NGC
3690E, for both a supernova rate of RSN ¼ 0.28 yr−1 and
RSN ¼ 1.86 yr−1, is shown in Fig. 8. The values of RSN
correspond to the 1σ errors on the direct observations.
Figure 8 shows that the supernova rate affects the flux
predictions linearly and that small changes in the spectral
index γSN can have a significant effect on the flux
predictions. It is noted that the high-energy tail of
E2
νμΦνμðEνμÞ should be interpreted carefully. Although

the exponential cutoff in the proton injection rate is a
reasonable assumption, it is not driven by observations.
Next-generation neutrino observatories, such as IceCube-
Gen2 [147], will help to test the validity of this exponential
cutoff. The horizontal red line shows the point-source
sensitivity based on 10 years of IceCube data for an E−2

neutrino spectrum at the declination (δ) of NGC 3690 [57].
None of the investigated parameter combinations violate
this sensitivity. This serves as a consistency check for the
model since NGC 3690 has not shown up as a significant
neutrino emitter in previous IceCube analyses.

VI. DIFFUSE FLUX PREDICTIONS

In this section, first the per-source muon-neutrino flux
generated by starburst activity (Φνμ) is computed for the
N ¼ 229 GOALS galaxies targeted in this work (Sec. II).
The calculations are done using our framework introduced
in Sec. IV. Then, based on these predictions, the corre-
sponding diffuse muon-neutrino flux (Φdiffuse

νμ ) from all
GOALS galaxies is estimated as

Φdiffuse
νμ ðEνμÞ ¼

1

4π

XN¼229

i¼1

Φi;νμðEνμÞ: ð24Þ

Finally, the diffuse flux from the total LIRG population
integrated over cosmic history is estimated from a volume-
limited sub-sample of GOALS.

A. Per-source and diffuse neutrino flux
estimates for the GOALS sample

The eight parameters in Eq. (22) are required for each of
the GOALS galaxies to compute their corresponding
neutrino flux. However, the scale height (HSBR), the
advection speed (vadv), the magnetic field strength (B),

FIG. 7. Diffusion, advection, and pp-energy loss timescales as
function of proton energy for the nuclear starburst region of
NGC 3690E.

FIG. 8. Predictions for the starburst-driven muon-neutrino flux
of NGC 3690E using our model. All model parameters, except
for the maximum proton momentum pmax, are driven by multi-
wavelength observations as discussed in the text. Note that
γ ¼ γSN − 2, where Φνμ ∝ E−γ . The 10-year E−2 IceCube
point-source sensitivity for a source at the declination of NGC
3690 is also indicated by the red solid line [57].
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and the nuclear ISM proton density (n) are unknown for the
majority of the GOALS galaxies. To fix these parameters,
similar conditions are assumed as found in the case study of
NGC 3690E (Sec. V). The corresponding values are given
in Table III. In contrast to these fixed parameters, the
supernova rate in the nuclear region (RSN) is computed
from source-specific data. The supernova rate per galaxy is
computed with Eq. (6), using the Herschel IR luminosity
and the relative AGN contribution to the bolometric
luminosity (hαAGNi). Both parameters are available for
all 229 galaxies (see Sec. II). A canonical Kroupa IMF with
ΛIR ¼ 5.97 × 10−46 (Table I) is used, and the assumption is
made that half of the total IR luminosity of a galaxy is
generated by the nuclear region, i.e. G ¼ 0.5. We use these
individual values to compute the diffuse neutrino flux
expected from GOALS. In addition, we also compute
the diffuse neutrino flux expected from GOALS for
hαAGNi ¼ 0 in each source. This allows to investigate
how an AGN contribution to the IR luminosity affects
the expected neutrino flux.
To normalize the injection rate of high-energy particles

to the nuclear supernova activity, one needs the spectral
index of the injection spectrum of cosmic rays (γSN), the
maximum momentum reached in supernova acceleration
(pmax), and the conversion factor between supernova
explosion energy and cosmic-ray acceleration (ηSN). For
each supernova event ηSN ¼ 0.10 and ESN ¼ 1051 erg are
assumed. However, the spectral index γSN is unconstrained
for nearly all GOALS galaxies. Therefore, we opt to take
the same spectral index in each galaxy and compute the
diffuse neutrino flux for three different cases, i.e. for
γSN ¼ 4.00, γSN ¼ 4.25, and γSN ¼ 4.50. This corresponds
to γ ¼ γSN − 2.00, where Φν ∝ E−γ . For all cases, an
exponential cutoff in the proton injection spectrum is
chosen at pmax ¼ 100 PeV=c. Given all these parameters,
the neutrino luminosity at the source can be computed for
all 229 galaxies. To find the corresponding neutrino flux at
Earth, the luminosity distances (DL) provided by GOALS
are used [16].
Figure 9 shows the modeled per-source starburst-driven

muon-neutrino fluxes at 1 TeV (Φ1 TeV
i;νμ

) as a function of the
sine of the declination of these sources. The fluxes are
computed for γ ¼ 2. For each galaxy, it is indicated whether
it is a galaxy with 1010.08L⊙ ≤ LIR < 1011L⊙, a LIRG,
or an ULIRG. Moreover, the color scale indicates the 1 −
hαAGNi value of the corresponding galaxy. The plot also
shows the 10-year E−2 IceCube point source sensitivity at

1 TeV which is indicated by the solid black line. The three
indicated galaxies in Fig. 9 are the top three galaxies with
the strongest expected starburst-driven neutrino flux in the
GOALS sample. It should be noted, however, that one of
the most nearby GOALS galaxies, NGC 1068, is not shown
in this plot. The hαAGNi-value of NGC 1068 is put to unity
by GOALS. Therefore, this particular galaxy does not
have a starburst-driven flux, as Eq. (6) indicates that the
supernova rate would be zero. However, as NGC 1068 is
so close to Earth, it follows that its hαAGNi-value is most
likely smaller than unity. This is a result of the selection
effect discussed in Sec. II. For hαAGNi ≤ 0.54, NGC 1068
has the strongest expected neutrino flux out of all the
investigated GOALS galaxies. This is a result of the
proximity of the source and its moderate IR luminosity of
log10ðLIR=L⊙Þ ¼ 11.39 [67]. In the most optimistic case,
for γ ¼ 2 and hαAGNi ¼ 0, our prediction for the starburst-
driven muon-neutrino flux from NGC 1068 at 1 TeV is
Φ1 TeV

νμ ¼ 2.44 × 10−13 TeV−1 cm−2 s−1. This prediction is
about two orders of magnitude smaller than the neutrino
flux from the direction of NGC 1068 reported by IceCube
(see Sec. I). Note that the latter is compatible with a
significantly softer spectral index γ ≈ 3.2 [58]. Assuming
that the neutrino flux is indeed generated by NGC 1068,
our model suggests a dominant contribution from a
nonstarburst component, such as AGN-related activity.
Interestingly, the spectral index of the neutrino spectrum
(γ ¼ 3.2� 0.2) is much softer than the spectral index of

TABLE III. Fixed parameters used in each of the GOALS
galaxies to compute the per-source and diffuse muon-neutrino
flux.

pmax [PeV=c] HSBR [pc] vadv [km s−1] n [cm−3] B [μG]

100 150 500 1000 250

FIG. 9. Per-source muon-neutrino flux predictions at 1 TeVas a
function of the sine of the declination of the 229 GOALS galaxies
targeted in this work. All fluxes are computed for a spectral index
γSN ¼ 4, with γ ¼ γSN − 2, ηtot ¼ 0.1%, and the other model
parameters as discussed in the text. The color scale indicates the
value of 1 − hαAGNi per galaxy. For each of the galaxies, it is
indicated whether it is a galaxy with 1010.08L⊙ ≤ LIR < 1011L⊙
(star), 1011L⊙ ≤ LIR < 1012L⊙ (circle), or L⊙ ≥ 1012L⊙ (cross).
The 10-year E−2 IceCube point-source sensitivity as function of
the sine of the declination is also indicated [57].
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the gamma-ray spectrum (Γ ¼ 2.27� 0.09 [77]). This
hints toward different underlying processes giving rise
to the observed neutrinos and the observed gamma rays. A
possible scenario is that the observed gamma rays are
produced by starburst activity in the circumnuclear star-
burst region (e.g. [148]), while the observed neutrinos are
produced in a gamma-ray opaque region close to the
supermassive black hole of NGC 1068 (e.g. [149]). In that
case the GeV-TeV gamma rays, produced simultaneously
with the observed neutrinos, will not be detected as they
cascade down to MeV energies or lower, which is below
the detection threshold.
Figure 9 also illustrates that the most luminous IR

sources in the GOALS sample, the ULIRGs, are not
necessarily the brightest neutrino sources. This is explained
by the redshift distribution of Fig. 2. Many of the ULIRGs
are found in the tail of the redshift distribution, while
LIRGs are found over the whole redshift range. Some
ULIRGs therefore have a strong distance-squared suppres-
sion, which is not compensated for by their larger IR
luminosity. This allows nearby LIRGs to have comparable
or larger neutrino flux predictions than ULIRGs.
Figure 10 shows the diffuse starburst-driven muon-

neutrino flux expected from the GOALS sample for three
different spectral indices of the proton injection rate,
computed with Eq. (24). For each case, the diffuse flux
is shown with and without the use of AGN-corrected IR

luminosities indicated by the full lines and dashed lines,
respectively. The largest neutrino flux in each case corre-
sponds to the calculations done without correcting for the
AGN contribution to the IR luminosity. This increase in
flux, observed for all three cases, is driven by the galaxy
NGC 1068. It is also concluded from the predictions that
none of the parameter combinations violate the diffuse
neutrino flux observed by IceCube. Nevertheless, not only
local U/LIRGs can contribute to the diffuse neutrino flux,
but also the high-redshift counterparts. This is a result of the
positive redshift evolution of the comoving IR luminosity
density of U/LIRGs. As such, certain combinations of
parameter values could still violate the IceCube flux when
integrating the U/LIRG contribution over cosmic history.
However, this extrapolation is not trivial for LIRGs as
discussed in the next section.

B. Extrapolation over cosmic history

Following [61,151], we can obtain an estimate of the
diffuse starburst-driven neutrino flux expected from the total
LIRG population over cosmic history, based on a represen-
tative set of local LIRGs. This representative sample is
defined by making a redshift cut on the GOALS sample at
z ¼ 0.0167 (seeAppendix), which results in 62 disentangled
LIRGs and 0ULIRGs. The integrated cosmic-ray generation
rate expected from this sample is assumed to be a fraction ηtot
of the total IR luminosity generated by the galaxies in that
sample. In the context of starburst-driven neutrino produc-
tion, this fraction is obtained by applying Eq. (9) to the local
volume under consideration. For typical values ηSN ¼ 0.10,
ESN ¼ 1051 erg, and ΛIR ¼ 5.97 × 10−46 in Eq. (9), it is
found that ηtot ≈ 0.1%. From the integrated cosmic-ray
generation rate, the differential rate can be obtained by
assuming a spectral index γ for the power-law cosmic-ray
spectrum at the source (see e.g. [61]). The latter in combi-
nation with the pp-interaction efficiency fpp (Sec. IV C 4),
fixed to unity for LIRGs, allows to compute the local
differential neutrino generation rate. Finally, the diffuse
neutrino flux expected from the LIRG population up to
redshift z can be obtained by taking into account the
redshift evolution factor ξz (e.g. [63,73,152]). This factor
effectively integrates the luminosity function of a source
class up to redshift z. For an unbroken E−γ power-law
spectrum of the neutrino emission, the redshift evolution
factor becomes independent of energy (e.g. [63]) such that

ξz ¼ ξðz; γÞ ¼
Z

z

0

dz0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ωmð1þ z0Þ3 þ ΩΛ

p HðzÞð1þ z0Þ−γ;

ð25Þ

with Ωm ¼ 0.31, and ΩΛ ¼ 0.69, and HðzÞ the paramet-
rization of the redshift evolution. For the latter we useH ∝
ð1þ zÞm with m ¼ 4 for z ≤ 1 and m ¼ 0 for 1 < z < 4
(e.g. [4,63,64]). Integrating up to redshift z ¼ 4 it

FIG. 10. The diffuse starburst-driven muon-neutrino flux ex-
pected from 229 disentangled galaxies in GOALS for spectral
indices γSN ¼ 4.00, γSN ¼ 4.25, and γSN ¼ 4.50. Note that
γ ¼ γSN − 2. Per spectral index, the diffuse flux is shown with
and without correcting the IR luminosity for AGN activity (solid
and dashed lines, respectively). For all calculations, ηtot ¼ 0.1%
is used. The black data points are the differential per-flavor
IceCube measurements using the high-energy starting event
(HESE) sample [53]. The red band is the best-fit unbroken
power-law spectrum of astrophysical muon neutrinos observed
by IceCube in the Northern Hemisphere [150].
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follows that ξz ¼ 3.4 for a spectral index γ ¼ 2.
Taking ξz ¼ 3.4 into account, we estimate for the diffuse
flux from the total LIRG population that E2

νμΦ
diffuse
νμ ¼

1.95 × 10−8 GeV cm−2 s−1 sr−1, which is at the level of the
diffuse flux observed with IceCube (see Fig. 10).
However, pp-interactions at the source produce gamma

rays simultaneously with neutrinos. Therefore, any diffuse
neutrino flux prediction should be consistent with the
nonblazar extragalactic gamma-ray background (EGB)
observed with Fermi Large Area Telescope (LAT) [153].
The blazar contribution, which makes up roughly 86% of
the EGB [154], should be subtracted from the total EGB as
previous analyses have constrained their contribution to the
IceCube flux [155]. Doing so, it has been argued that for a
generic cosmic-ray calorimeter scenario the IceCube neu-
trino flux is in tension with the ∼14% nonblazar EGB
between 0.05–1 TeV [62]. That is, in such a scenario, the
gamma-ray flux expected from the diffuse neutrino flux
observed with IceCube overshoots the nonblazar EGB
detected by Fermi-LAT.
Since the calorimeter scenario presented in [62] is

generic, it is applicable to any population of hadronuclear
neutrino sources that are optically thin to gamma rays in the
Fermi-LATenergy range. Consequently, as gamma rays are
not significantly attenuated in a starburst scenario, our
diffuse flux prediction for LIRGs, which is at the level of
the IceCube diffuse observations, is likely in tension with
the nonblazar EGB. To alleviate this tension, γ > 2 and/or
ηtot < 0.1% could be invoked, as this pushes our predic-
tions below the IceCube flux. It follows that the parameter
space of our starburst-driven neutrino-production model is
constrained by the nonblazar EGB bound.
However, the extrapolation presented in this section

assumes LIRGs to be standard-candle neutrino emitters.
This is an unlikely assumption given the wide range of
physical conditions among GOALS U/LIRGs. Considering
each source individually could lead to significantly differ-
ent neutrino flux predictions, as argued in more detail in
Sec. VI C. Furthermore, at z ∼ 0, an IR luminosity cut of
LIR > 1011L⊙ favors merger-driven starbursts. At z ≃ 1–2,
however, when the star-formation rates in galaxies were
much higher, LIR > 1011L⊙ targets mostly galaxies that
seem to be evolving individually rather than in mergers
(e.g. [156]). As the physical conditions among LIRGs seem
to change with redshift, this could indicate a change in the
efficiency of neutrino production with redshift. This should
be further investigated as this affects the extrapolation
results. Last, we also note that we only considered
starburst-driven neutrino production in the extrapolation.
However, a fraction of the GOALS U/LIRGs are known to
host an (obscured) AGN. Such AGN are promising
candidate sources of astrophysical neutrinos as they are
typically located in the more central and dusty regions of
the galaxy for which significant gamma-ray attenuation is
possible. Therefore, obscured AGN could potentially

resolve the tension between the diffuse neutrino flux
observed by IceCube and the nonblazar EGB observed
by Fermi-LAT. Particularly interesting U/LIRGs in this
context are those known to host Compact Obscured Nuclei
(CONs), which are among the most enshrouded regions in
the Universe (Sec. III). As such, a potential AGN con-
tribution to the neutrino flux should be taken into account
in the extrapolation to properly constrain the parameter
space of our model.

C. Per-source vs generic approach

To estimate the diffuse flux predictions in the previous
section, all model parameters were fixed in the targeted
galaxies except for the IR luminosity and the luminosity
distance. However, electromagnetic observations reveal
that the fixed model parameters are potentially significantly
different among GOALS galaxies. In this section, we
highlight the importance of doing per-source investigations
to estimate the model parameters and as such properly
constrain the neutrino flux of a source.
In this section, we consider four GOALS U/LIRGs

identified as high-energy gamma-ray sources in [77].
These galaxies and their respective Γ-values are NGC
1068 (Γ ¼ 2.27� 0.09), NGC 2146 (Γ ¼ 2.27� 0.07),
NGC 3690 (Γ ¼ 2.11� 0.19), and Arp 220 (Γ ¼
2.48� 0.14). Assuming that these gamma rays are generated
by nuclear starburst activity, this hints toward different
spectral indices for the neutrino spectra, γ ¼ γSN − 2. This
motivates us to change the spectral index value, while
keeping the othermodel parameters constant, and investigate
the effect on the neutrino flux predictions8. Figure 11 shows
the muon-neutrino flux prediction at 1 TeV as a function
of the sine of the declination of the investigated gamma-ray
sources. Per galaxy, the muon-neutrino flux is shown for
γSN ¼ 4 and for γSN ¼ Γþ 2. For NGC 1068, hαAGNi is put
to zero to compute the neutrino flux. The starburst-driven
neutrino flux prediction for NGC 1068 at a given spectral
index should therefore be interpreted as an upper limit.
Figure 11 shows that the relative strength of the neutrino flux
predictions at γSN ¼ 4 is significantly different from the case
where γSN is variable. Moreover, the flux predictions per
source significantly decrease for a spectral index of γ > 2. As
mentioned in the previous section, this could help to resolve
the tension between our diffuse neutrino flux prediction and
the nonblazar EGB.
Due to the wide variety in morphologies observed for

U/LIRGs (Sec. I), the average target density encountered
by cosmic rays could be significantly different among
U/LIRGs. NGC 1068, for example, contains an AGN
surrounded by an extended starburst ring while Arp 220
is a merging galaxy in a late stage known to host a much

8Even if these gamma rays are not representative for the
neutrino production in the nuclear region, it is still informative to
study the effect of changes in γSN.
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more compact and dense central region. Therefore, the
average particle density sampled by cosmic rays could be
significantly lower in NGC 1068 than in Arp 220. If the
nuclear ISM density encountered by a cosmic ray in NGC
1068 is for example n ¼ 100 cm−3, a factor 10 lower than
assumed in Sec. VI A, the expected neutrino flux is a
approximately a factor two lower and rapidly decreases for
even smaller values of n. Furthermore, as the value of n
becomes smaller, the neutrino flux predictions become
more sensitive to changes in the other model parameters
(see Fig. 5). It is therefore crucial to understand how cosmic
rays propagate and interact within the nuclear ISM.
The arguments above show the importance of also

performing per-source analyses to constrain the neutrino
flux from a particular source rather than inferring the latter
only from population studies.

VII. SUMMARY

The extreme IR emission from U/LIRGs traces obscured
star formation and AGN activity, which both provide
favorable conditions for high-energy neutrino production.
In this work, we performed the first investigation of high-
energy neutrino emission from LIRGs in GOALS, which is
a multiwavelength survey targeting the brightest U/LIRGs
in the sky. To do so, we constructed a framework for
starburst-driven neutrino production which targets disen-
tangled galaxies in U/LIRG systems. The framework uses
the AGN-corrected Herschel IR luminosity per galaxy to
estimate the cosmic-ray luminosity in that galaxy. Then, by
taking into account cosmic-ray propagation in the nuclear
region, the neutrino luminosity per U/LIRG can be

estimated. The framework requires eight source-specific
parameters to compute the expected starburst-driven neu-
trino flux per galaxy. Each of these parameters were
discussed in the context of local U/LIRGs. This study
highlighted in a qualitative manner that U/LIRGs are
expected to convert high-energy protons into high-energy
neutrinos more efficiently than non-U/LIRG starburst
galaxies. We then used the framework to:

(i) Estimate the expected neutrino flux generated by
the nuclear starburst region in the LIRG NGC 3690.
Source-specific electromagnetic data were used to
constrain the model parameters whenever possible.
From this case study, we concluded that the
neutrino flux predictions are most sensitive to
changes in the spectral index of the cosmic ray
injection rate and the maximum cosmic-ray energy
reached in supernova acceleration. These parame-
ters should therefore be the focus of future model-
ing and experimental efforts. The model predicts
that even in the most optimistic cases, the starburst-
driven neutrino-flux predictions for NGC 3690 fall
one to two orders of magnitude below the current
IceCube sensitivity for a source at the declination
of NGC 3690. Therefore, these predictions do not
violate the IceCube observations. Interestingly,
being only an order of magnitude below the current
IceCube sensitivity, future observations using ex-
tended observatories like IceCube-Gen2 should
allow to probe the predicted flux in the more
optimistic scenarios.

(ii) Estimate the diffuse starburst-driven neutrino flux
expected from the GOALS sample for different
spectral indices. These predictions were found to be
orders of magnitude smaller than the diffuse neu-
trino flux observed by IceCube. Nevertheless, as
U/LIRGs have a positive redshift evolution, we also
estimated the neutrino flux expected from the total
LIRG population across cosmic history. Assuming
GOALS LIRGs are standard-candle emitters, we
found that cosmic-ray injection spectral indices
γ > 2 and/or infrared conversion efficiencies
ηtot < 0.1% are required to avoid tension with
the nonblazar extragalactic gamma-ray background
observed by Fermi-LAT. However, it was also
argued that the standard candle assumption for
LIRGs is likely unrealistic based on the wide range
of nuclear properties observed in LIRGs. There-
fore, these population-study results should be in-
terpreted carefully.

(iii) Estimate the starburst-driven flux expected from
NGC 1068. This prediction was compared to the
recently reported evidence for a neutrino flux from
the direction of NGC 1068 by IceCube. Our flux
prediction is significantly smaller than the flux
reported by IceCube. Therefore, our model suggests

FIG. 11. Muon-neutrino flux predictions at 1 TeVas a function
of the sine of the declination of four GOALS galaxies identified
as gamma-ray sources. For each of the galaxies, the flux
prediction is shown for γSN ¼ 4 (blue) and γSN ¼ Γþ 2 (red)
with Γ obtained from gamma-ray observations. These galaxies
and their respective Γ-values are NGC 1068 (Γ ¼ 2.27� 0.09),
NGC 2146 (Γ ¼ 2.27� 0.07), NGC 3690 (Γ ¼ 2.11� 0.19),
and Arp 220 (Γ ¼ 2.48� 0.14). For all galaxies ηtot ¼ 0.1% is
used. The symbols have the same meaning as in Fig. 9.
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that the neutrino emission from NGC 1068 is likely
dominated by an AGN-related process.
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APPENDIX: LOCAL LIRG SAMPLE

GOALS is a subsample of the IRAS RBGS and is
therefore a complete flux-limited sample of galaxies with
an IRAS 60-μm flux density of S60 μm;IRAS > 5.24 Jy.
However, GOALS is not a complete volume-limited

sample, as suggested by Fig. 2. To define a representative
sample of local LIRGs, we follow the procedure outlined in
[64]. First, we estimate the distance up to which the least
luminous LIRGs (i.e.LIR ¼ 1011L⊙) can be detected with
the RBGS sensitivity at 60 μm, i.e.S60 μm; IRAS ¼ 5.24 Jy.
To do so, a fit is performed to the observed correlation
between S60 μm;IRAS and the total IR flux, FIR ¼ LIR=4πD2

L

for all GOALS LIRGs. The fit is of the form

log10

�
S60 μm;IRAS

Jy

�
¼ a log10

�
FIR

Wm−2

�
þ b; ðA1Þ

with best-fit parameters a ¼ 1.00� 0.01 and b ¼ 13.01�
0.08. Given these parameters, the distance corresponding to
LIR ¼ 1011L⊙ and S60 μm;IRAS ¼ 5.24 Jy is found by
inverting Eq. (A1). Doing so, we find DL ≈ 80 Mpc. In
this work, we opt for a conservative value ofDL ¼ 75 Mpc
which corresponds to z ¼ 0.0167. As such, the 62 LIRGs
within this redshift define the local sample of LIRGs used
to estimate the diffuse neutrino flux from the total LIRG
population.
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